Transcription is essential for neurite and axon outgrowth during development. Recent work points to the involvement of nuclear factor of activated T cells (NFAT) in the regulation of genes important for axon growth and guidance. However, NFAT has not been reported to directly control the transcription of axon outgrowth-related genes. To identify transcriptional targets, we performed an in silico promoter analysis and found a putative NFAT site within the GAP-43 promoter. Using in vitro and in vivo experiments, we demonstrated that NFAT-3 regulates GAP-43, but unexpectedly, does not promote but represses the expression of GAP-43 in neurons and in the developing brain. Specifically, in neuron-like PC-12 cells and in cultured cortical neurons, the overexpression of NFAT-3 represses GAP-43 activation mediated by neurotrophin signaling. Using chromatin immunoprecipitation assays, we also show that prior to neurotrophin activation, endogenous NFAT-3 occupies the GAP-43 promoter in PC-12 cells, in cultured neurons, and in the mouse brain. Finally, we observe that NFAT-3 is required to repress the physiological expression of GAP-43 and other proaxon outgrowth genes in specific developmental windows in the mouse brain. Taken together, our data reveal an unexpected role for NFAT-3 as a direct transcriptional repressor of GAP-43 expression and suggest a more general role for NFAT-3 in the control of the neuronal outgrowth program.
Transcription involves many protein-protein and protein-DNA interactions. This allows for the integration of multiple signaling pathways by a limited set of transcription factors that work in combination to either activate or repress genes relevant to the current cellular signaling context (1, 2) . These diverse "inputs" are integrated by the binding of transcriptional activators/repressors along with their coactivators/repressors and the modification of chromatin itself to result in the final "output" of a unique nucleoprotein complex capable of either inducing or repressing transcription (3) . Transcription is therefore a key regulation point as it allows for the integration of diverse and subtle cellular context during neural development (4, 5) .
Not surprisingly, axon sprouting and outgrowth are under tight transcriptional control, and the expression of pro-axon growth genes is limited to appropriate spatial and temporal stages of neural development. Therefore, an examination of how changing developmental cues are integrated at the level of transcription might reveal novel mechanisms that regulate axon sprouting and outgrowth.
One gene involved in axon outgrowth and guidance is GAP-43 (growth-associated protein 43), a neurotrophin-dependent membrane-bound phosphoprotein highly expressed during the development of the nervous system (6 -8) . It is found localized to the axon and growth cones of developing neurons and shows preferential expression in the forebrain and in highly plastic central nervous system regions such as the olfactory bulb, hippocampus, dorsal root ganglia, and ascending sensory pathways in the spinal cord (9, 10) . It is also significantly up-regulated in regenerating neurons subsequent to axon lesion (11, 12) . Studies examining the transcriptional control of GAP-43 have identified a ϳ1000-bp promoter region upstream of the protein-coding region that is sufficient to respond to neurotrophin signaling and to determine neuronspecific expression (13) (14) (15) (16) . Thus, the GAP-43 proximal promoter provides a relatively compact and neuron-specific model to investigate the transcriptional machinery and chromatin context required for axon outgrowth in developing and regenerating neurons.
We have recently characterized a novel role for the transcription factor and tumor suppressor protein p53 in both axon growth and physiological nerve regeneration, where it functions as a transcriptional activator of several neuronal pro-axon outgrowth and pro-regeneration genes, including GAP-43 (17, 18) . Specifically, p53 promotes GAP-43 expression through a novel binding site within the 5Ј promoter region. The in silico promoter analysis also revealed a putative binding site for the transcription factor nuclear factor of activated T cells (NFAT) 2 adjacent to the p53 site.
The NFAT family has been shown to play a role in the developing and possibly in the adult nervous system. Transgenic mice containing an NFAT reporter showed that NFAT transcriptional activity is highest in the brain (19, 20) , and NFAT-3 is specifically expressed in the spinal cord and the brain, with high levels found in the olfactory bulb, cerebellum, and certain regions of the cortex (21) (22) (23) (24) . NFAT activity is important in neuronal growth and guidance during vertebrate development and appears to be downstream of neurotrophin and netrin signaling pathways (25) (26) (27) .
There are five NFAT family members named NFAT-1/p/c2, NFAT-2/c/c1, NFAT-3/c4, NFAT-4/c3/x, and NFAT-5/ TonEBP (28 -30) . However, only NFAT1-4 contain the Ca 2ϩ sensor/translocation domain (31, 32) and are thus dependent upon intracellular Ca 2ϩ activation of the phosphatase calcineurin (33) (34) (35) . Dephosphorylation of several residues in the Ca 2ϩ sensor/translocation domain by calcineurin results in exposure of a nuclear localization sequence and nuclear import (36, 37) . In fact, the drugs cyclosporin A (CsA) and FK506, which are potent and specific inhibitors of calcineurin, are often used as inhibitors of NFAT transcriptional activity (38) . Although additional post-translational modifications affect transcriptional activity, the nuclear localization of NFAT1-4 and the cooperative binding with other transcription factors appear to be a major regulatory mechanism for the transcriptional activity of NFAT complexes (30, 39 -41) .
In this study, we examine whether NFAT-3 is a direct transcriptional regulator of GAP-43 expression within neurotrophin signaling and whether this implies a role in neuronal outgrowth program during development. Unexpectedly, our data suggest that NFAT-3 is a negative and not a positive regulator of GAP-43 during neuronal outgrowth and maturation.
EXPERIMENTAL PROCEDURES

Cell Cultures
Cell Lines-Pheochromocytoma (PC-12) cell lines were grown in Dulbecco's modified medium supplemented with 10% horse serum, 5% fetal bovine serum, and 100 units/ml penicillin and 100 mg/ml streptomycin (Invitrogen) in a humidified atmosphere of 5% CO 2 in air at 37°C.
Primary Cortical Neurons-Rat cortical neurons or mouse cortical neurons were derived from wild-type adult rat (Sprague-Dawley) or mice (C57BL/6) and NFAT-3 null mice (19) . Cortices were extracted, dissociated, and cultured as reported previously (18) . Briefly, cortices were minced in Hanks' balanced salt solutions buffer supplemented with 2.5 g/ml amphotericin B (Sigma, A2942), 100 units/ml penicillin, and 100 mg/ml streptomycin, and then 1,800 units/ml trypsin was added. The cells were incubated at 37°C for 20 min, Dulbecco's modified medium (supplemented with 10% fetal bovine serum) was added, and the cells were dissociated by triturating. The partially dissociated tissue was allowed to settle for 5-10 min, the supernatant collected, and the remaining tissue pellet was retitrated an additional four times. The combined supernatants were filtered through a 40-m cell strainer (BD Biosciences) and plated at the appropriate density. After 1 h, medium was aspirated off with any dead cells, and Neurobasal medium supplemented with B27, Glutamax, penicillin, and streptomycin was added. (All reagents were from Invitrogen except where indicated.) Embryonic day 13 (E13) mouse brains from wildtype and NFAT-3 null mice were also extracted, dissociated, and plated in the presence of Neurobasal medium plus retinoic acid and forskolin to induce neuronal differentiation.
In Silico Transcription Factor Binding Sites Analysis
A large region (ϳ10,000 bp) of the 5Ј-untranslated region of the GAP-43 gene was analyzed using MatInspector, a search algorithm within a suite of software programs provided by Genomatix that identifies transcription binding sites using a large library of weight matrices. An additional algorithm, P-MATCH, was also used to identify potential NFAT transcription binding sites for SCG-10, CAP-23, and L1cam.
Luciferase Assays
Reporter and Expression Plasmid Construct-The region of the GAP-43 promoter containing a putative NFAT binding site (see Fig. 1A ) was cloned by PCR and ligated into the HindIII and XhoI restriction sites of a luciferase reporter derived from the NFAT/AP-1 3ϫ luciferase reporter (Addgene, plasmid 11783). The pEGFP-NFAT-3 expression plasmid was also obtained from Addgene (plasmid 10961).
Transfection-Either experiments were performed using Lipofectamine 2000 (Invitrogen) for PC-12 and rat cortical neurons 5 days in vitro (DIV 5), or electroporation with the rat neuron nucleofector kit (Amaxa Biosystems) was used according to the provided protocol. Briefly, for Lipofectamine experiments, PC-12 cells were seeded into 24-well plates in Dulbecco's modified medium, 1 day prior to transfection, or rat cortical neurons were seeded 5 days before transfection. Lipofectamine reagent to total DNA ratios were according to standard recommendation, with each well receiving 500 ng of the IL-2-(NFAT)-Luc reporter or 500 ng of the GAP-43-Luc reporters and 25 ng of pRL-TK-Renilla-luciferase (Promega) and 500 ng of pEGFP-NFAT-3 expression construct or empty pcDNA3.1(ϩ) for a total of 1,025 ng of total DNA. After a 24 h-incubation, PC-12 cells were stimulated for another 24 h with 100 ng/ml of NGF (BD Biosciences). In rat neuron experiments, the following amounts of pEGFP-NFAT-3 DNA were used: 0, 125, 250, and 350 ng. For electroporation experiments, the standard Amaxa Biosystems rat protocol was followed. Briefly, five million neurons were used for each cuvette, with 2-4 g of total DNA. Neurons were plated in 24-well plates at a density of 0.4 million cells/well and allowed to attach for 1 h, and then media were changed with and without 10 ng/ml BDNF (R&D Systems), 1 M CsA, 250 ng/ml FK506 (LC Laboratories), or control DMSO vehicle and incubated for a total of 17 h. For both protocols, cells were harvested and lysed with 100 l of passive lysis buffer, and luciferase activities were determined using the Dual-Luciferase kit (Promega).
Immunocytochemistry
Primary rat or mouse cortical neurons were grown on poly-D-lysine-coated coverslips and fixed with 4% paraformaldehyde, 4% sucrose. Neurons were blocked in 10% albumin and 0.2% Triton X-100 and incubated overnight at 4°C with the appropriate primary antibodies. After several rinses in PBS, the coverslips were incubated with the appropriate secondary antibodies and Hoechst 33258 (Molecular Probes/Invitrogen) and washed in PBS before mounting on slides with Fluorsave (Calbiochem). Immunofluorescence was detected using a Zeiss microscope (Axiovert 200, Zeiss).
Immunohistochemistry
Mice were deeply anesthetized and perfused with 0.9% saline solution followed by 4% formaldehyde in 0.1 M phosphate buffer. Whole brain was removed, put in 4% formaldehyde again for 24 h, and then in 30% sucrose for an additional 24 h. The entire brain was frozen in 2-methylbutane on dry ice and stored at Ϫ80°C. Frozen brains fixed with Jung tissue-freezing medium (Leica Microsystems) were cut into 12-m-thick coronal sections and mounted on slides. Each slide was heated at 50°C for 30 min, incubated for 30 min in 4% sucrose/PBS at room temperature, treated for 15 min with ice-cold 100% methanol, and washed three times with PBS for 10 min each time. Next, slides were blocked with 10% normal goat serum in 0.2% Triton X-100/PBS for 1 h at room temperature and probed with primary antibody in 1% normal goat serum/PBS overnight at 4°C. On the next day, slides were washed three times with PBS, probed with secondary antibody in 1% normal goat serum/PBS for 1 h at room temperature, or blocked again and probed with another primary antibody overnight at 4°C. Slides were finally washed three times in PBS, incubated with Hoechst for 45 s, washed one time for 5 min in PBS, and cleaned with Xylol. Samples were treated with fluorescent mounting medium (Dako), the coverslip was added, and samples were examined under a fluorescence microscope (Axiovert, Zeiss).
Immunoblotting
Mouse brains and cultured differentiated neurons were lysed in a solution containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% Nonidet P-40, 0.1% SDS, and Complete protease inhibitor mixture (Roche Applied Science). Samples were further dissociated through a Dounce glass homogenizer. Extracts were left on ice for 30 min, and cell debris was removed by centrifugation. The protein concentration was determined by standard protein assay (Bio-Rad). Lysate (30 -50 g) was separated by SDS-PAGE and transferred to nitrocellulose. Detection was by HRPchemiluminescence reagents (Thermo Fisher Scientific).
For Fig. 3C , quantitation of GAP-43 protein levels was performed by densitometry (FluorChem 8900) of three immunoblots for both GAP-43 and GAPDH. The resulting GAP-43 changes are expressed as a normalized ratio of GAP-43 to GAPDH levels.
Antibodies
Immunoblotting-For immunoblotting, the following antibodies were used: ␣-NFAT-3 (Santa Cruz Biotechnology, sc-1153), ␣-GAP-43 (Chemicon/Millipore, AB5220), ␣-␤-actin (Sigma, A5441) and ␣-GAPDH (Cell Signaling, 2118), ␣-rabbit-HRP (Thermo Fisher Scientific, 31460), ␣-mouse-HRP (Thermo Fisher Scientific, 31430).
Chromatin Immunoprecipitation Assays (ChIPs) AntibodyFor the ChIP assays, the following antibody was used: ␣-NFAT-3 (Santa Cruz Biotechnology, sc-1153 X).
Immunocytochemistry and Immunohistochemistry-For immunocytochemistry and immunohistochemistry, the following antibodies were used: ␣-NFAT-3 (Affinity BioReagents, PA1-021), ␣-GAP-43 (Chemicon/Millipore, AB5220), ␣-rabbit Alexa Fluor 568 (Invitrogen, A11011), and ␣-mouse Alexa Fluor 488 (Invitrogen, A11001).
ChIP
ChIP assays were performed using the chromatin immunoprecipitation assay kit according to the protocol provided (Upstate Biotechnology/Millipore). Briefly, for experiments done with primary neurons and PC-12 cells, at least 1 ϫ 10 6 cells were used for each assay and cross-linked with 1% formaldehyde for 10 min. For the experiment with whole brain, the brain was removed and fixed in 4% formaldehyde/PBS overnight and then minced, passed through a glass homogenizer, and sonicated until the DNA fragments were between 300 and 1,000 bp in length. Semiquantitative PCR was performed on immunoprecipitated DNA with the following GAP-43 ChIP primers spanning the putative NFAT site: 5Ј-GCAGCTGTAA-CTTGTGTGCA-3Ј (sense), and 5Ј-TAAACACCTCCAATC-TGGACC-3Ј (antisense).
Real Time Reverse Transcription-PCR Analysis
Total RNA was extracted from wild-type and NFAT-3 null mice brain at E10, E13, postnatal day 1 (P1), P3, P7, and adult developmental stage using TRIzol reagent (Invitrogen), and cDNA was synthesized from 1 g of RNA using random hexamers from the SuperScript II reverse transcriptase kit (Invitrogen). The subsequent cDNA was used in a real time QT-PCR using SYBR GreenER (Invitrogen) on an ABI Prism 7000 sequence detection system. Standard curve reactions were run with each primer set with identical cDNA to allow comparison between ␤-actin normalized values for each primer pair. The sequences of the primers used were:
Normalized expression was calculated as
Normalized expression ϭ 2
ϪdCt gene norm (Eq. 2)
NFAT-3 Regulates the Growth-associated Protein 43
RESULTS
Overexpressed NFAT-3 Represses GAP-43 TranscriptionDuring our characterization of GAP-43 transcriptional regulation by p53 (18), we performed an in silico promoter analysis with an ad hoc software that utilizes bioinformatics matrixes to predict transcription binding sites (MatInspector, Genomatix). A search of the DNA sequence upstream of the translational start site of the GAP-43 gene, in addition to revealing a p53 binding site, also identified an NFAT binding site within the first 1,200 bp region upstream of the coding sequence (Fig. 1A) . Because NFAT has been shown to be important in axon outgrowth during neuronal development (25) and GAP-43 is a well characterized gene whose expression is also actively regulated during axon outgrowth and neural maturation (6 -8), we asked whether NFAT might be an important transcriptional regulator of GAP-43 expression.
To address the question of whether NFAT directly regulates GAP-43 transcription, we cloned a 550-bp region of the GAP-43 promoter that contained the putative NFAT site and the recently characterized p53 site into a luciferase reporter plasmid (18) (Fig. 1A) . Next, using transient transfection assays in neuron-like PC-12 cells, we asked whether this region of the GAP-43 promoter is sufficient to respond to neurotrophin stimulation, and more importantly, to NFAT transcriptional activity. PC-12 cells are neuron-like cells that express GAP-43 in response to neurotrophin activation, and they are therefore a useful cell culture system to initially investigate the NFAT-dependent transcriptional regulation of GAP-43.
First, we transfected an artificial reporter containing three copies of the NFAT/AP1 composite site from the IL-2 promoter to confirm that NFAT transcriptional complexes are active and respond to neurotrophin stimulation in PC-12 cells. Then, the same experiment was performed by transfecting cells with the GAP-43 luciferase reporter. Not surprisingly, both the IL-2-(NFAT) and the GAP-43-(NFAT) reporters responded to NGF stimulation with an increase in luciferase signal (Fig. 1B) . Next, we tested whether overexpression of NFAT-3 could drive transcription from these reporters. Overexpressed NFAT-3 in PC-12 cells increased IL-2-(NFAT) reporter signal 3.5-fold, and the addition of NGF further increased signal to 6.5-fold, but surprisingly, overexpressed NFAT-3 repressed basal GAP-43 reporter signal as well as NGF-mediated activation (Fig. 1B) . Finally, having observed a possible role for NFAT-3 as a transcriptional repressor in PC-12 cells, we asked whether NFAT-3 might also repress the neurotrophin activation of the GAP-43 expression in cultured cortical neurons. We transfected the GAP-43 reporter into cultured cortical neurons and observed again that overexpression of NFAT-3 repressed reporter signal to similar levels as seen in PC-12 cells (Fig. 1C) . Furthermore, although neurotrophin stimulation with BDNF modestly increased GAP-43 signal, inhibition of calcineurindependent NFAT activation with CsA/FK506 increased reporter signal further than that seen with only neurotrophin stimulation (Fig. 1D) . Transfection experiments with NFAT-3 in both PC-12 cells and primary neurons did not show an increase in cell death when compared with control as analyzed by cell counting and nuclear morphological analysis by Hoechst staining (not shown). Overall, these data suggest that NFAT-3 might be a direct transcriptional repressor of GAP-43 expression. Cells were allowed to express EGFP-NFAT-3 for 24 h and then stimulated with 100 ng/ml NGF for an additional 24 h (see "Experimental Procedures" for DNA amounts used). RLU, relative light units. C, NFAT-3 represses GAP-43 transcription in neurons. Transient transfection was performed on cultured E16 rat cortical neurons with GAP-43-Luc reporter and increasing EGFP-NFAT-3 expression plasmid. (ϩ, 125 ng; ϩϩ, 250 ng; ϩϩϩ, 350 ng) D, inhibition of the calcineurin/NFAT pathway further increases GAP-43 transcription in response to neurotrophin. Cultured E16 rat cortical neurons were transfected with GAP-43-Luc and treated with or without 10 ng/ml BDNF, 1 M CsA, and 250 ng/ml FK506 for 16 h. All assays were performed in triplicate. The relative light unit was calculated as the ratio of firefly luciferase/Renilla luciferase signal. Signals were then normalized to reporter only transfection. Student's t test was performed to compare significant difference to reporter only transfections. p value: *, Ͻ 0.05, **, Ͻ 0.01. Error bars represent S.E.
NFAT-3 Is Nuclear and Occupies the GAP-43
Promoter-To demonstrate that NFAT-3 occupies the GAP-43 promoter region containing the putative NFAT binding site (Fig. 1A) , we used ChIP and semiquantitative PCR to show promoter occupancy. We observed NFAT-3 at the GAP-43 promoter, and this occupancy was reduced upon NGF treatment in PC-12 cells (Fig. 2A) . Next, the same experiment was performed in primary cultured neurons to confirm promoter occupancy in neurons. We again observed that NFAT-3 occupied the GAP-43 promoter and that BDNF, analogously to NGF in PC-12 cells, strongly reduced the capacity of NFAT-3 to occupy this promoter (Fig. 2B) . Concurrently, we also examined NFAT-3 localization in cultured cortical neurons prior to ChIP and found that NFAT-3 is localized to the nucleus, which is a necessary condition for its transcriptional repression (Fig. 2C) . As a final test to verify the presence of NFAT-3 in the nucleus and occupancy of the GAP-43 promoter in the mouse brain, we performed immunohistochemistry and ChIP assays from P1 mouse brains. Immunohistochemistry of P1 mouse brain revealed that NFAT-3 is indeed localized to the nucleus of cortical neurons (Fig.  3A) , and a ChIP assay from fixed brain at the same developmental stage showed that NFAT-3 occupied the GAP-43 promoter in vivo (Fig. 3B) . These molecular studies indicate that NFAT-3 occupies the GAP-43 promoter and that neurotrophin stimulation reduces promoter occupancy.
NFAT-3 Represses GAP-43 Expression in the Developing Mouse
Brain-Next, we took advantage of NFAT-3 null mice to examine GAP-43 expression in both wildtype and null mice at various developmental stages from embryonic, postnatal, and adult brain. Because NFAT-3 has been shown to be expressed in the mouse brain, we hypothesized that ablation of NFAT-3 would result in derepression of GAP-43 expression, espe- ChIP on PC-12 cells for endogenous NFAT-3 was performed using ␣-NFAT-3 antibody. Cells were plated and stimulated with 100 ng/ml NGF or control for 24 h and then cross-linked and harvested. The amount of DNA recovered was measured by semiquantitative PCR. GAP-43-specific primers spanning the putative NFAT site were used. The resulting PCR amplicon containing the NFAT site of the GAP-43 promoter is depicted. No Ab, no antibody. B, NFAT-3 occupies the GAP-43 promoter in cultured cortical neurons. ChIP was performed for NFAT-3 on cultured E16 rat cortical neurons, which were treated with 10 ng/ml BDNF 1 h after plating for 5 days and harvested, and recovered DNA was measured by semiquantitative PCR. The resulting PCR amplicon containing the NFAT site of the GAP-43 promoter is depicted. C, immunocytochemistry of cultured cortical neurons shows nuclear localization for NFAT-3. Cultured E16 cortical neurons were fixed with 4% formaldehyde and probed with ␣-NFAT-3, ␣-GAP-43 antibodies, and DAPI nuclear staining. Scale bar: 20 m.
FIGURE 3. NFAT-3 is nuclear and occupies the GAP-43 promoter in the developing mouse cortex.
A, NFAT-3 is localized in the nucleus of cortical neurons. Fixed mouse P1 brain was probed for immunohistochemistry with ␣-NFAT-3, ␣-GAP-43, and DAPI nuclear staining. Scale bar: 30 m. B, NFAT-3 occupies the GAP-43 promoter in the mouse brain. ChIP was performed for NFAT-3 using the same antibody as in Fig. 2 , from fixed P1 mouse brain, and recovered DNA was measured by semiquantitative PCR. GAP-43-specific primers spanning the putative NFAT site were used. The resulting PCR amplicon containing the NFAT site of the GAP-43 promoter is depicted. No Ab, no antibody.
cially at those development stages where NFAT has been show to be transcriptionally active (25, 30, 42) . We collected mouse brain at different developmental stages from embryonic day 10 (E10) to adult. Total RNA was extracted, and quantitative PCR was performed to examine GAP-43 expression levels. We found that mRNA levels of GAP-43 were higher at E10, E13, and P1 brains of NFAT-3 null mice. However, this difference is progressively reduced, mainly due to the postnatal increase in GAP-43 levels in wild-type brains (Fig. 4A) . Significantly, this difference in GAP-43 mRNA levels between wild-type and NFAT-3 null brains during the E10 -P1 developmental window corresponded to the highest expression levels of NFAT-3 mRNA in wild-type brain, which is greatly reduced by P1 (Fig.  4B) . Therefore, the wild-type expression profile of NFAT-3 suggests that NFAT-3 plays an active role in repressing GAP-43 expression in the mouse brain during the E10 -P1 developmental window as its down-regulation correlated with a reciprocal up-regulation of GAP-43 expression (compare Fig. 4A with 4B) . Interestingly, the expression of NFAT-1 mRNA from wild-type brains followed an exact opposite profile when compared with NFAT-3; NFAT-1 mRNA progressively increased from E10 to adulthood (Fig. 4B) . On the other hand, NFAT-1 expression in NFAT-3 null brains is enhanced at E10 and E13, which corresponded to the time when NFAT-3 expression peaked in wildtype brains (Fig. 4B) . NFAT-4 mRNA was also measured, but its expression level was very low and did not change between wildtype and NFAT-3 null brains (data not shown).
We also examined the protein levels of GAP-43 at selected developmental stages, and we confirmed that the expression of GAP-43 protein was low at E13, peaked at P7, and was reduced in the adult (Fig. 4C) . The difference in GAP-43 mRNA levels between null and wild-type mice was also evident at the protein level, where GAP-43 protein was 2-fold higher in the null mice at E13 and was not significantly different at P7 and in adult brains (Fig. 4C) .
Finally, to directly demonstrate whether NFAT-3 represses GAP-43 expression during neuronal differentiation, we compared protein levels of GAP-43 by immunoblotting and immunocytochemistry of cultured differentiated neurons from wildtype and NFAT-3 null mice. As the difference in the expression of GAP-43 is maximal at E13 in the developing mouse brain between wild-type and NFAT-3 null mice, cells from E13 embryonic brains were cultured and differentiated and then lysed for immunoblotting or fixed for immunocytochemistry at DIV 7. We observed that GAP-43 protein levels from both lysate and fixed cells were higher in null mice when compared with wild-type levels (Fig. 5, A and B) . The neuronal network also appeared more developed in NFAT-3 null when compared with wild-type cultures, suggesting a negative role of NFAT-3 in neuronal maturation. These results lead us to ask whether NFAT-3 represses the transcription of other genes functionally related to GAP-43 and involved in neuronal outgrowth and maturation.
An in silico promoter analysis identified three additional putative gene targets of NFAT-3: CAP-23, L1cam, and SCG-10 (supplemental Fig. 1A ). Quantitative PCR was performed using RNA from the brains of wild-type and NFAT-3 null mice. We found that CAP-23 was significantly higher in NFAT-3 null brains between E10 and P1 (a profile analogous to GAP-43). Similarly, L1cam and SCG-10 were also higher at these embryonic stages in NFAT-3 null brains, but unlike GAP-43 and CAP-23, these differences persisted into early postnatal stages. The differential expression levels of all three genes did not appear to be maintained into adulthood (supplemental Fig. 1, B-D) .
Taken together, these data strongly support an unexpected role for NFAT-3 as a transcriptional repressor of GAP-43 and suggest the potential of NFAT-3 to regulate the expression of other genes involved in neuronal outgrowth and maturation.
DISCUSSION
Others have observed that NFAT is required for proper neural development and functions downstream of neurotrophin signaling (25) . In addition, NFAT has been shown to be expressed in the brain and spinal cord and to be involved in the regulation of presynaptic differentiation (21, 23, 27, 43) . Anal- A, GAP-43 is higher in NFAT-3 null brains during embryonic development. Quantitative PCR was performed for GAP-43 mRNA levels in NFAT-3 null and wild-type (WT) mice from E10, E13, P1, P3, P7, and adult brains. Total RNA was reverse-transcribed, and target mRNA was quantified. GAP-43 levels are normalized to ␤-actin mRNA levels. (Under "Experimental Procedures," see Equations 1 and 2 for the formula to determine ␤-actin normalized expression levels.) B, NFAT-3 decreases significantly from embryonic to postnatal stages, whereas NFAT-1 increases. Quantitative PCR was performed for NFAT-3 and NFAT-1 mRNA levels in both NFAT-3 null and wildtype mice. (n ϭ 3, triplicate). Student's t test was performed to compare significant difference between wild-type and null samples at each time point, p value: **, Ͻ0.01. Error bars represent S.D. C, GAP-43 protein is higher in E13 NFAT-3 null than wild-type brain. Immunoblot analysis was performed for GAP-43 protein from NFAT-3 null and wild-type mice brains. Lysates made from E13, P7, and adult brains was recovered and analyzed by immunoblot analysis with ␣-GAP-43 and ␣-GAPDH antibodies. The intensity of the ␣-GAP-43 immunoblot signal was quantified and normalized to ␣-GAPDH signal to calculate the -fold difference of GAP-43 protein levels between NFAT-3 null and wild-type brains. (n ϭ 3, triplicate). Student's t test p value: **, Ͻ0.01. Error bars represent S.D.
ogously, GAP-43 expression promotes neuronal outgrowth and differentiation and is up-regulated upon neurotrophin stimulation (44 -47) . Recently, a putative NFAT binding site was revealed by in silico analysis during our characterization of GAP-43 regulation by p53. Therefore, our initial hypothesis predicted that NFAT-3 would be a transcriptional activator of GAP-43 expression. However, to our surprise, we found that overexpressed NFAT-3 repressed GAP-43 reporter activity in transfection experiments in both PC-12 cells and primary cortical neurons (Fig. 1, B and  C) . One caveat of these types of experiments would be that the repression we observed upon overexpression of NFAT-3 was from a "squelching" of transcription machinery in general. However, we found that luciferase signal from the IL-2-(NFAT) reporter was not repressed at the same concentration of NFAT-3 DNA as that used with the GAP-43 reporter, and in fact, it is enhanced by NGF stimulation. We therefore believed that the overall repression seen in the NFAT-3 overexpression experiment with the GAP-43 reporters was not due to a squelching effect of general transcription machinery or coactivators by the overexpression of NFAT-3. We also observed that inhibition of NFAT-3 activity with CsA and FK506 further enhanced neurotrophin-activated GAP-43 transcription in primary neurons (Fig. 1D) . Along with the finding that NFAT-3 was nuclear and occupied the GAP-43 promoter in primary neurons (Fig. 2, B and C) and in vivo in the mouse brain (Fig. 3,   A and B) , we propose the current hypothesis that NFAT-3 occupies a site adjacent to the recently described p53 site (18) within the GAP-43 promoter, prior to neurotrophins signaling, to repress GAP-43 transcription.
Interestingly, a recent study on splice variants of NFAT family members demonstrated that NFAT-3 is modestly expressed in the adult mouse brain, and more importantly, that the expression profile for NFAT-3 during brain development inversely matches the expression profile of GAP-43 (48) . They found that NFAT-3 expression level peaks at E13 in wild-type brains and decreases through embryonic to postnatal development, which is in agreement with our findings. Their findings are also consistent with a model whereby overall levels of NFAT-3 function to repress GAP-43 expression as the downregulation of NFAT-3 protein levels would result in the up-regulation of GAP-43.
Characterization of NFAT1, -3, and -4 triple null mice showed developmentalabnormalitiesresulting in dramatic defects in axon outgrowth mainly in the root ganglia system (25) . However, the triple null mice have little or no defects in neuronal differentiation or survival. Interestingly, the double null NFAT-3/4 mice showed disorganized vasculature patterns, and the authors concluded that calcineurin/NFAT-3/4 signaling during E8 was required to repress aberrant growth of vessels. Although two NFAT-3 null mice have been separately generated, subtle NFAT-3-dependent dysregulation of axon outgrowth and guidance during brain development has not been investigated (49, 50) .
Our findings of increased GAP-43 expression in the single NFAT-3 null mice during the E10 -P1 window support a role for NFAT-3 in repressing abnormal axon outgrowth and guidance during the latter part of embryonic brain development. Here, we note that the incorrect temporal expression of key axon outgrowth target genes, such as GAP-43, might result in subtle physiological axon outgrowth dysfunctions that are only revealed when the correct developmental stage is examined.
Our examination of cultured and differentiated neuronal cells from E13, a developmental stage where we believe NFAT-3 functions to repress GAP-43 expression, is also in agreement with our working model. We observed enhanced protein levels of GAP-43 in these cells in NFAT-3 null when compared with wild-type neurons (Fig. 5, A and B) . In addition, we provide results that support the role of NFAT-3 as a general repressor of the neuronal outgrowth program. We also observed higher levels of CAP-23, SCG-10, and L1cam mRNA from NFAT-3 null when compared with wild-type brains (supplemental Fig. 1, B-D) . We now believe that overall levels of NFAT-3 might function to repress genes involved in neuronal outgrowth and maturation during embryonic development.
In fact, both our in vitro and our in vivo data are all consistent with a model whereby NFAT-3 regulates neuronal outgrowth gene expression by repressing activation from the proximal promoter region during specific windows of embryonic brain development. Thus, NFAT-3 might represent a general negative transcriptional regulator of the neuronal outgrowth program.
In perspective, the current findings suggest that a more extensive investigation of NFAT-3 transcriptional targets during brain development is warranted. In addition, as developmentally regulated, transcription-dependent outgrowth pathways in neurons may be recapitulated following axonal injury in the adult (51), it is possible that NFAT-3 plays a role in axonal regeneration after axotomy by controlling the gene expression of neuronal outgrowth genes. Experiments are undergoing to test this hypothesis.
